Introduction
A laser-induced plasma, which is in most cases produced with a Q-switched Nd:YAG laser, is employed as an excitation source for atomic emission analysis, which is called laser-induced plasma spectrometry (LIPS). 1 LIPS is expected to be applied to on-line/on-site analysis because of the rapid response without any sample pretreatment. 2 The plasma occurs in a pulsated manner, and thus it has both spatial and temporal variations depending on various experimental parameters, such as the kind and pressure of the plasma gas employed. Previous papers have revealed that the emission zone varied with the progress of the plasma to produce a plume-like shape, which was strongly dependent on the nature of the plasma gas. [3] [4] [5] [6] Time-resolved measurements of the emission spectra give information on the intensity variations along with the expansion of the plasma, indicating that appropriate experimental conditions, such as the delay time as well as the gate width on the data acquisition, should be determined to measure the emission intensity precisely; 7, 8 however, they cannot provide the overall figure of the plasma plume. For this purpose, a two-dimensional (2D) image of a spectral line emitted from the LIP should be observed, which would yield information on the excitation processes occurring in the LIP. In previous studies, interference filters were usually employed to disperse the emission signals; however, they were not suitable for measuring emission spectra comprising lots of spectral lines, because of their bad spectral resolutions of more than 10 nm. Few papers concerning 2D spectral images have been published, mainly due to a lack of spectrometers enabling 2D observation to have good spectral resolution.
We have reported on spatial variations in the emission intensities of a pure copper sample and plasma gases, which were measured with a two-dimensionally imaging spectrometer system, when krypton, argon, or helium was employed at various gas pressures. 9 The shape and the relative intensities of the plasma plume were strongly dependent on the kind and pressure of the plasma gas: the emission intensity became generally larger at greater gas pressures, and the intensities from the argon and the krypton LIPs were much larger than the intensity from the helium LIP. It is therefore expected that the 2D images could be used to determine an observation area suitable for an analytical application.
In this paper, we consider the spatial variations in the signalto-background ratio of several analytical lines for an alloy sample, which is excited from a krypton LIP, by analyzing the 2D images of their emission intensities when the gas pressure is changed. The optimum observation position in the plasma can be suggested from these results.
Experimental
The apparatus has already been described elsewhere. 9 A Nd:YAG laser (LOTIS T II U LS-2135, Japan) was employed at a wavelength of 532 nm (SHG mode). A laser energy of 40 mJ/pulse was set to obtain sufficient sample ablation. A pulse duration of about 10 ns and a repetition rate of 10 Hz were employed. A spherical lens with a 200-nm focal length was used to focus the laser beam onto the target surface. The energy of the pulsed laser was measured using a thermopile absorber and a laser power/energy monitor (OPHIR JAPAN 3A-P-CAL, NOVA, Japan).
High-purity krypton (>99.999%) was introduced as the plasma gas after evacuating the chamber to below 7 Pa. The pressure was monitored with a Pirani gauge (GP-2, ULVAC Corp., Japan) and a capacitance manometer (MK 11B-2-P and 127AA-001003, NKS Instruments Inc., USA), which were placed between the evacuation port and a rotary vacuum pump (GLD-166, ULVAC Engineering Inc., Japan). The plasma gas was flowed during the measurement while keeping the chamber pressure between 130 ¥ 10 2 and 670 ¥ 10 2 Pa.
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A two-dimensionally imaging spectrometer system was employed to measure spatial variations in the intensities of emission lines in a Cu-Mn-Ni alloy sample when they were excited from a laser-induced plasma with krypton gas. The emission zone of these lines shrank and had greater emission intensities with increasing gas pressure, and the intensities of their background also became more intense. It was thus found that the optimum observation zone for the analytical application varied with the pressure of the plasma gas. The two-dimensional distribution of the signal-to-background ratio for each analytical line was investigated to determine the measuring conditions for the emission analysis, indicating that the spatially-resolved measurement was generally superior to the conventional spatially-integrated measurement over the plasma region. Emission signals from the LIP were conducted through a collimator optics onto the entrance slit of an image spectrograph (Model 12580, BunkoKeiki Corp., Japan), and the emission image was then dispersed and detected on a charge-coupled device detector (SensiCam QE Model, PCO Imaging Corp., Germany), where the 2D image of a particular emission line could be observed. A 2D image obtained by 5 ¥ 5 pixels corresponded to an actual sample area of 0.1 ¥ 0.1 mm 2 . The spectral resolution was 0.1 -2.0 nm, depending on the slit width.
A copper-manganese-nickel alloy (the nominal composition, 80Cu-15Mn-5Ni) was used as the sample. The sample plate was polished with water-proof abrasive papers, and then fixed at the sample port of the chamber. After the surface had been cleaned using the first 100 laser shots, the emission signal was averaged during the next 20 shots and stored in a personal computer. Each image was recorded for a period of 0.01 ms (gate width). The analytical lines were Cu I 324.75 nm (3.82 eV), Mn I 403.31 nm (3.07 eV), and Ni I 352.45 nm (3.54 eV). Figure 1 shows 2D emission images of the Cu I 324.75-nm (a), the Mn I 403.31-nm (b), and the Ni I 352.45-nm lines (c), whose intensities are expressed by mapping with several colors, when krypton gas is introduced at three different gas pressures. Note that the color scale of the nickel line is different from that of the other lines, which is predetermined because the intensity of the nickel line is relatively smaller. Their colored maps indicate that the images roughly comprise two portions: a narrow spot on the sample surface where the breakdown of LIP occurs, and a portion expanding towards surrounding gas which is called a plasma plume. The size and the intensities of the plasma plume are highly dependent on the pressure of the plasma gas. The emission intensities from the plasma plume generally become larger at higher gas pressures in all cases of the emission lines observed, and the bright emission zone is more concentrated at higher gas pressures. The most intense emission zone for these emission lines was observed when krypton gas was employed at a pressure of 670 ¥ 10 2 Pa. The intensities of the breakdown spot are also influenced by the gas pressures. Figure 2 shows a variation in the emission intensities of the Cu I 324.75-nm line as well as of the background position measured at 315.0 nm as a function of the observation height above the sample surface, when the gas pressure is fixed at 400 ¥ 10 2 Pa. The breakdown spots are clearly found not only at the wavelength of the Cu I line but at the background position; however, the background emission is drastically reduced as the plume expands away from the breakdown zone. Therefore, the observation height becomes an important parameter to obtain better measuring conditions for analytical applications.
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It is considered that the shape and the intensities of the plasma plume are determined through the interaction between energetic particles produced after laser breakdown and the surrounding gas. A larger number density of the plasma gas can receive the kinetic energy of these energetic particles more effectively, and then their energies can be consumed to excite analyte atoms through subsequent collisions occurring in the plasma plume. The emission zone of the krypton LIP is concentrated with larger emission intensities, because the gas body has a larger stopping power along with increasing gas pressure.
Signal-to-background ratio and relative standard deviation
For analytical applications in LIPS, we can estimate the optimum position for measuring the emission intensity from the 2D plasma images. The signal-to-background ratio (SBR) is a suitable parameter for the optimization. Figure 3 shows variations in the SBR values of the Cu I 324.75-nm line (a) and the Mn I 403.31-nm line (b) as a function of the observation height above the sample surface, when krypton is employed as the plasma gas at several different gas pressures. The background intensity for the Cu I line and the Mn I line was measured at wavelengths of 315.0 and 397.0 nm, respectively. Their average intensities and the relative standard deviations for each sampling area (0.1 ¥ 0.1 mm 2 ) were determined from 20 replicate measurements. It is clear to say that the breakdown zone just above the surface is not suitable for the observation position, due to the smaller SBR. This is because strong emissions from the background appear in this zone. The maximum SBR values appear at larger observation heights as the gas pressure is reduced, and the variations are slightly different between the Cu I line and the Mn I line. Concerning the criterion with the SBR value, the measurement is recommended at a krypton pressure of 400 ¥ 10 2 Pa. Figure 4 shows plots of the relative standard deviation (RSD) of the Cu I 324.75-nm line (a) and the Mn I 403.31-nm line (b). The RSD values for both emission lines were temporally larger just above the sample surface, because the LIP was unstable at the breakdown point; however, they became smaller down to 3 -4%, regardless of the plasma gas pressures. This effect would result from stable LIPs produced in the plume region.
Comparison in signal-to-background ratio among several integration modes
We can obtain SBR values corresponding to various plasma positions from the 2D images of the emission intensities, as shown in Fig. 1 . As illustrated in Fig. 5 , the SBRs were estimated at three different observation modes: (a) integration of the emission intensity over a whole plasma area having 2.0 ¥ 3.0 at the optimum observation height for each gas pressure, which can be estimated from Fig. 3 at the position representing each maximum SBR. Figure 6 shows comparisons in the SBR value among these observation modes when the Cu I 324.75-nm line (a) and the Mn I 403.31-nm line (b) are measured at several krypton gas pressures.
The intensity integration over the whole plasma could yield the largest net emission intensity; however, the corresponding SBR value becomes the smallest, as shown in Fig. 6 , because of the larger background intensity including continuum emission at the breakdown point, indicating that such integration is not suitable for analytical applications. The SBR increases when the central zone is observed instead of the whole plasma; furthermore, the SBR for a particular spatially-resolved zone can be more enhanced if the observation point can be appropriately selected for each plasma condition; for example, the observation height for the Cu I 324.75-nm line should be set at 1.44 mm at a krypton pressure of 400 ¥ 10 2 Pa, as indicated in Fig. 3 . This result suggests that we can find a particular plasma position having larger emission intensities with a lower background level in a spatially-resolved measurement. The RSD values corresponding to these observation heights are small, typically 3 -4%; it is thus possible to measure the emission intensity with good precision. Accordingly, the spatially-resolved mode, where each small area having 0.1 ¥ 0.1 mm 2 is measured, is recommended for the analytical application, if the optimum observation position can be determined from the 2D map of the intensity as well as the SBR.
Conclusions
Two-dimensional LIP images for analytical lines in a Cu-Mn-Ni alloy sample were observed to obtain information on the optimization of the experimental parameters for emission analysis. The emission image consists of a breakdown spot and a plasma plume where the breakdown zone expands toward the surrounding gas. The shape and the intensities of the plasma plume strongly depend on the pressure of the plasma gas. The emission images of the analytical lines become more concentrated, and have larger intensities as the pressure of the plasma gas increases. The two-dimensional distribution of the signal-to-background ratio was investigated in detail, when different sampling areas were considered. Spatially-resolved measurements for each 0.1 ¥ 0.1-mm 2 area can provide larger signal-to-background ratios compared to a spatially-integrated measurement for the 2.0 ¥ 3.0-mm 2 plasma area, implying that better observation positions could be obtained in the spatiallyresolved measurement.
